As a critical component of a high-voltage direct current (HVDC) transmission system, resin impregnated paper (RIP) wall bushing has become a weak point because of its surface charge accumulation. This paper studies a model RIP wall bushing core designed by the equal capacitance method. The stationary resistive field along the gas-solid interface of the RIP wall bushing core is investigated theoretically by a gas model, which considers the non-linearly field-dependent volume conductivity. The results show that the gas conductivity along the core surface tends to be an arched distribution from the high-voltage conductor to the end shielding screen. The surface charge mainly accumulates at the turning point of the radius, which may threaten the core's insulation. Then, the surface charge is obtained through a measurement system, where the experimental results are highly consistent with the simulation results. Considering the time constant of charge dissipation is nearly 15 min, it would be better to measure the surface charge on one axial direction of RIP wall bushing core after each voltage application. The simulation and experimental results of this paper can guide the design of a RIP wall bushing core.
Introduction
In the high-voltage direct current (HVDC) converter station, resin impregnated paper (RIP) wall bushings are major components in connecting converter valves and DC buses [1] , as shown in Figure 1 . Indeed, the operation safety of the AC/DC hybrid power grid strongly depends on the RIP wall bushings [2] . However, operation experiences show that RIP wall bushings with voltage grades higher than 400 kV currently have a high failure rate (five year average failure rate is about 1.2%), resulting in single-pole lockout at the HVDC converter stations, which has a large negative impact on the AC-DC transmission system [3, 4] . A typical surface discharge accident of a +400 kV RIP wall bushing is shown in Figure 2 . Due to the partial discharge at the edge of the end shielding screen, the solid insulation near the end shielding screen is easily damaged. Then, the surface discharge begins to develop toward the high-voltage conductor, resulting in flashover along the core surface. When flashing along the core surface, the large current makes the lead between the end shielding screen and the grounding flange disconnected, and then the grounding flange becomes the channel for current conduction, resulting in a more obvious flashover trace from the grounding flange to the high-voltage conductor. One of the important causes of the accident is that the electric field distribution under DC voltage is different from that under AC voltage [5] . Under AC voltage, the electric field distribution depends on the permittivity. The surface charge phenomenon has been widely studied. It is acknowledged that charge will gradually accumulate on the interface with the increase of time, which is known as a relaxation process [9] . The boundary element method was first adopted to simulate the surface charge accumulation of the basin insulator [10] . Considering the nonlinear gas conductivity of Hexafluoride (SF6), numerical simulation models were created to simulate surface charge accumulation of post insulators and basin insulators [11] [12] [13] . In addition to those simulation studies, researchers also used manipulating devices (including active and passive probes) to measure the surface charge of the basin insulator and the post insulator [13, 14] . However, the RIP wall bushing core is made of RIP material, significantly different from the epoxy/Al2O3 material. More importantly, the electric field equalizing structure made up of multi-layer screens in the RIP wall bushing core causes a strong, vertical electric field component [15] . It is more complicated than the basin insulator or the post insulator [3, 16] , and how to apply the classic accumulation models related to bulk, surface, and gas conduction needs further research. Therefore, it is urgent to solve the lack of related studies on surface charge accumulation of the RIP wall bushing core and its influence on insulation.
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Non-Linearly Volume Conductivity of Hexafluoride (SF6)
Since the conductivity of SF6 is closely related to the number of ions within it [11, 12] , the physical processes such as generation, coincidence, migration, and diffusion of ions need to be comprehensively considered when studying the current density of the SF6. The constraint equations of positive and negative ion densities in SF6 are as follows:
where ∂ ∂ IP / n t is the ion pair generate rate, D + and D − are the diffusion coefficients for positive and negative ions respectively, n + and n − are the densities for positive and negative ions respectively, b + and b − are the mobility ratios for positive and negative ions respectively, and kr is the positive and negative ion recombination coefficient.
The diffusion coefficients of positive and negative ions in insulating gas can be expressed by the Einstein equation as follows:
where kB is the Boltzmann constant, Tg is the gas temperature, and e is the elementary charge. In this model, the bulk current density of the insulating gas is the sum of the displacement current and the conduction current:
where  D is the electrical displacement of the gas side. As the pressure of SF6 around the RIP wall bushing core is 0.3 MPa (absolute pressure), the selected gas transport parameters [11] are shown in Table 2 .
Surface Current of RIP Wall Bushing Core
The charge density on the RIP wall bushing core can be considered as the surface charge density of a thin layer, which can be expressed by:
where  Cn J is the normal current density of the core side,  Gn J is the normal current density of the gas side, σ is the surface charge density, E τ is the tangential electric field strength, and γ s is the surface conductivity. 
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where ∂n IP /∂t is the ion pair generate rate, D + and D − are the diffusion coefficients for positive and negative ions respectively, n + and n − are the densities for positive and negative ions respectively, b + and b − are the mobility ratios for positive and negative ions respectively, and k r is the positive and negative ion recombination coefficient. The diffusion coefficients of positive and negative ions in insulating gas can be expressed by the Einstein equation as follows:
where k B is the Boltzmann constant, T g is the gas temperature, and e is the elementary charge. In this model, the bulk current density of the insulating gas is the sum of the displacement current and the conduction current:
where → D is the electrical displacement of the gas side. As the pressure of SF 6 around the RIP wall bushing core is 0.3 MPa (absolute pressure), the selected gas transport parameters [11] are shown in Table 2 . Table 2 . Gas transport parameters of 0.3 MPa SF 6.
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Surface Current of RIP Wall Bushing Core
where → J Cn is the normal current density of the core side, → J Gn is the normal current density of the gas side, σ is the surface charge density, E τ is the tangential electric field strength, and γ s is the surface conductivity.
The surface conductivity of the RIP material κ S is first measured as 2.3 × 10 −14 S. A thin layer with a thickness ∆L of 0.1 mm is selected as the surface conduction layer on the surface of the RIP wall bushing core. The volume conductivity κ V of the thin layer satisfies the following equation:
Boundary Conditions
To solve the nonlinear differential equations, suitable boundary conditions must be defined on the electrodes and the gas-solid interface. The electric potential on the high-voltage electrode and zero screen ϕ H and the ground electrode and end shielding capacitance screen ϕ G is assigned as a Dirichlet-condition:
where U is the applied DC voltage. The electric potential on the first shielding screen (ϕ 1 ) is assigned as floating, and the boundary conditions for the charge carrier densities are assigned depending on the current flow.
For the boundary of current outflow, the boundary conditions for positive and negative ions are as follows:
For the boundary of current inflow, the boundary conditions for positive and negative ions are as follows:
where → n is the normal direction from solid to gas.
Simulation Results
Ions in SF 6 Surrounding the RIP Wall Bushing Core
The distributions of ions in SF 6 under different amplitudes of positive DC voltages are shown in Figures 6 and 7 . It indicates that the distributions of positive and negative ions are completely opposite. There is a relatively high concentration of positive ions near the end shielding screen and it gradually decreases in the direction from the end shielding screen to the high-voltage conductor. On the contrary, the negative ions mainly concentrate on the surface of the high-voltage conductor, which gradually decreases in the direction from the high-voltage conductor to the end shielding screen. Besides, within the simulated voltage range, the magnitude of the ion concentration is almost independent of the magnitudes of applied voltage. This is because, as the voltage increases, the migration of positive and negative ions is enhanced, but at the same time, the recombination of positive and negative ions also increases, resulting in a small change in ion concentration. migration of positive and negative ions is enhanced, but at the same time, the recombination of positive and negative ions also increases, resulting in a small change in ion concentration. 
Ions and Gas Conductivity Along the Surface of the RIP Wall Bushing Core
The state of gas conductivity and surface conductivity of RIP material near the core surface have great influence on surface charge accumulation [6] . The positive and negative ions along the core surface under different amplitudes of voltages are shown in Figure 8 . It indicates that the ion concentration along the core surface is nearly independent of the magnitudes of the applied voltage. The positive and negative ion concentrations exhibit a completely opposite distribution along the core surface. From the high-voltage conductor to the end shielding screen, the positive ions rise rapidly from a lower value to the plateaus, followed by a slight rise near the end shielding screen. However, the negative ions drop slightly from a higher value to the plateaus and then fall rapidly.
The values of gas conductivity along the RIP wall bushing core surface under different amplitudes of positive DC voltage are shown in Figure 9 . It indicates that the gas conductivity tends to be an arched distribution from the high-voltage conductor to the end shielding screen, i.e., the gas conductivity is high in the middle about 7.2 × 10 −17 S/m and low at the two ends about 4.2 × 10 −17 S/m along the core surface. 
Surface Charge and Electric Field along the RIP Wall Bushing Core Surface
The surface charge along the RIP wall bushing core surface under different amplitudes of positive DC voltage is as shown in Figure 10 . It indicates that under positive voltage, the RIP wall bushing core surface mainly accumulates positive charge. Moreover, there is a significant accumulated charge peak at the turning point of the radius, and the accumulated charge near the end shielding screen is small because of the shielding effect of the end shielding screen. 
The surface charge along the RIP wall bushing core surface under different amplitudes of positive DC voltage is as shown in Figure 10 . It indicates that under positive voltage, the RIP wall bushing core surface mainly accumulates positive charge. Moreover, there is a significant accumulated charge peak at the turning point of the radius, and the accumulated charge near the end shielding screen is small because of the shielding effect of the end shielding screen. The tangential and the normal electric field distribution along the surface of the RIP wall bushing core is shown in Figure 11 . There is a minimum tangential electric field at the turning point of the radius, while a maximum tangential electric field exists near the end shielding screen. The normal electric field along the surface is consistent with the trend of surface charge distribution, and there is a maximum normal electric field at the turning point of the radius, which may become the weak point of insulation. The tangential and the normal electric field distribution along the surface of the RIP wall bushing core is shown in Figure 11 . There is a minimum tangential electric field at the turning point of the radius, while a maximum tangential electric field exists near the end shielding screen. The normal electric field along the surface is consistent with the trend of surface charge distribution, and there is a maximum normal electric field at the turning point of the radius, which may become the weak point of insulation. 
Measurement Conditions
Surface Charge Measurement System
The electrostatic probe method is used in this paper for surface charge measurement. The probe mainly includes a central inductive probe made of red copper with a diameter of 1.5 mm, an outer shielding made of stainless steel, an insulating support made of polytetrafluoroethylene (PTFE), and a bayonet nut connector (BNC) connector for signal transmission to charge the amplifier (Figure 12 ). All components are cleaned with anhydrous ethanol and dried at 25 °C for over 12 h. The charge amplifier used is Kistler 5018 A. The charge induced on the probe can be directly read and exported as a 0-5 V analog signal. Its charge measurement sensitivity of 0.1 pC and quick response satisfies the request for surface charge measurement. Before measurement, the probe is calibrated as per the method mentioned in Reference [19] . The experiment setup is shown in Figure 13 . Positive DC voltage is applied on the RIP wall bushing core through a gas insulated substation (GIS) bushing and a GIS transfer unit. The surface charge measurement device is connected after the basin-type insulator, which is filled with SF6 gas of 0.3 MPa (absolute pressure). The RIP wall bushing core surface is cleaned with ethyl alcohol and dried for over 6 h. It was scanned before test to ensure there is no charge accumulated on the core. The temperature and humidity inside the experiment tank are measured by an online monitoring system. Tests are done between 21.4 °C and 24.8 °C, and the moisture content in the SF6 is below a 150 ppm volume fraction. 
Measurement Conditions
Surface Charge Measurement System
The electrostatic probe method is used in this paper for surface charge measurement. The probe mainly includes a central inductive probe made of red copper with a diameter of 1.5 mm, an outer shielding made of stainless steel, an insulating support made of polytetrafluoroethylene (PTFE), and a bayonet nut connector (BNC) connector for signal transmission to charge the amplifier (Figure 12 ). All components are cleaned with anhydrous ethanol and dried at 25 • C for over 12 h. The charge amplifier used is Kistler 5018 A. The charge induced on the probe can be directly read and exported as a 0-5 V analog signal. Its charge measurement sensitivity of 0.1 pC and quick response satisfies the request for surface charge measurement. Before measurement, the probe is calibrated as per the method mentioned in Reference [19] . The tangential and the normal electric field distribution along the surface of the RIP wall bushing core is shown in Figure 11 . There is a minimum tangential electric field at the turning point of the radius, while a maximum tangential electric field exists near the end shielding screen. The normal electric field along the surface is consistent with the trend of surface charge distribution, and there is a maximum normal electric field at the turning point of the radius, which may become the weak point of insulation. 
Measurement Conditions
Surface Charge Measurement System
The electrostatic probe method is used in this paper for surface charge measurement. The probe mainly includes a central inductive probe made of red copper with a diameter of 1.5 mm, an outer shielding made of stainless steel, an insulating support made of polytetrafluoroethylene (PTFE), and a bayonet nut connector (BNC) connector for signal transmission to charge the amplifier (Figure 12 ). All components are cleaned with anhydrous ethanol and dried at 25 °C for over 12 h. The charge amplifier used is Kistler 5018 A. The charge induced on the probe can be directly read and exported as a 0-5 V analog signal. Its charge measurement sensitivity of 0.1 pC and quick response satisfies the request for surface charge measurement. Before measurement, the probe is calibrated as per the method mentioned in Reference [19] . The experiment setup is shown in Figure 13 . Positive DC voltage is applied on the RIP wall bushing core through a gas insulated substation (GIS) bushing and a GIS transfer unit. The surface charge measurement device is connected after the basin-type insulator, which is filled with SF6 gas of 0.3 MPa (absolute pressure). The RIP wall bushing core surface is cleaned with ethyl alcohol and dried for over 6 h. It was scanned before test to ensure there is no charge accumulated on the core. The temperature and humidity inside the experiment tank are measured by an online monitoring system. Tests are done between 21.4 °C and 24.8 °C, and the moisture content in the SF6 is below a 150 ppm volume fraction. The experiment setup is shown in Figure 13 . Positive DC voltage is applied on the RIP wall bushing core through a gas insulated substation (GIS) bushing and a GIS transfer unit. The surface charge measurement device is connected after the basin-type insulator, which is filled with SF 6 gas of 0.3 MPa (absolute pressure). The RIP wall bushing core surface is cleaned with ethyl alcohol and dried for over 6 h. It was scanned before test to ensure there is no charge accumulated on the core. The temperature and humidity inside the experiment tank are measured by an online monitoring system. Tests are done between 21.4 • C and 24.8 • C, and the moisture content in the SF 6 is below a 150 ppm volume fraction. 
Experimental Procedure
The experimental procedures are as follows: pre-treatment of RIP wall bushing core, adjustment of centering device, vacuuming, inflation of SF6 gas (wait for over 6 h), HVDC voltage application for different time durations, and then immediate surface charge measurement (the distance between the probe and the core surface is 2 mm).
The trajectory of the probe on the RIP wall bushing core's surface can be expressed by Figure  13a . Follow-up experiments find that the surface charge decay time constant is only several minutes. Therefore, a time interval of 0.5 min is chosen to measure the surface charge between the high-voltage conductor and the end shielding screen. There are 18 rounds for the probe to scan, each with a sampling frequency of 100 Hz. The voltage is applied for 20 min at a time. The probe finishes one axial route to measure, then it moves to another circumferential position. At the start of each route for measurement, the mechanic system sends a signal to the data acquisition system to measure the output of the probe. At the end of each route for measurement, the mechanic system sends another signal to stop data acquisition. Figure 14b shows the probe scanning the RIP wall bushing core's surface with the control of the mechanical device. 
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The trajectory of the probe on the RIP wall bushing core's surface can be expressed by Figure 13a . Follow-up experiments find that the surface charge decay time constant is only several minutes. Therefore, a time interval of 0.5 min is chosen to measure the surface charge between the high-voltage conductor and the end shielding screen. There are 18 rounds for the probe to scan, each with a sampling frequency of 100 Hz. The voltage is applied for 20 min at a time. The probe finishes one axial route to measure, then it moves to another circumferential position. At the start of each route for measurement, the mechanic system sends a signal to the data acquisition system to measure the output of the probe. At the end of each route for measurement, the mechanic system sends another signal to stop data acquisition. Figure 14b shows the probe scanning the RIP wall bushing core's surface with the control of the mechanical device. 
Measurement Results
Charge Decay Characteristics
After a +80 kV DC voltage is applied to the RIP wall bushing core for 20 min, the surface charge distribution of the RIP wall bushing core is measured within 60 min. Figure 15 shows the decay process of the average charge density over time. The fitting results show that the average charge density of the entire measuring surface decreases exponentially with time, and its decay time constant is about 15 min.
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Measurement Results
Charge Decay Characteristics
After a +80 kV DC voltage is applied to the RIP wall bushing core for 20 min, the surface charge distribution of the RIP wall bushing core is measured within 60 min. Figure 15 shows the decay process of the average charge density over time. The fitting results show that the average charge density of the entire measuring surface decreases exponentially with time, and its decay time constant is about 15 min. Figure 16 shows the surface charge distribution of the RIP wall bushing core at different applied voltage times. The surface charge gradually accumulates to saturation state as time increases. Under the +80 kV DC voltage, the surface of the RIP wall bushing core accumulates a positive charge, and during the accumulation process, the charge distribution pattern and concentrated distribution area are determined within 15 min, which shows that only positive charges accumulate on the surface of the RIP wall bushing core. In addition, only positive charges accumulate on the surface with the increase of DC voltage amplitude, probably because there is not obvious micro-discharge near the surface. 
Charge Distribution Under Positive DC Voltage
Discussions
The surface charge accumulation model of a wall bushing core is shown in Figure 19 . There is no accumulation of charge inside a uniform dielectric. However, due to the differences in conductivity and relative dielectric constant between core and SF6 gas, surface charge is bound to occur at the interface between core and SF6 gas. 
The surface charge accumulation model of a wall bushing core is shown in Figure 19 . There is no accumulation of charge inside a uniform dielectric. However, due to the differences in conductivity and relative dielectric constant between core and SF 6 gas, surface charge is bound to occur at the interface between core and SF 6 gas.
The accumulated charge on the interface is derived from the conductive current of a constant electric field. The electrical displacement vector and current density on both sides of the interface satisfy:
According to the constitutive relation of the electric field, the relationship between the electric field components near the interface and the surface charge can be further obtained:
Then, we can get the surface charge of the core in a steady state, as shown in Equation (14) . According to the above simulation results, the gas conductivity along the core surface is about 10 −17 order of magnitude, while the conductivity of RIP material is about 10 −12 order of magnitude, much smaller than the gas conductivity. In this case, σ = −ε G E Gn can be obtained, and the surface charge is mainly determined by the normal electric field component of the gas side. Since the normal electric field component of the gas side is negative (from gas side to core side), positive charge is deposited on the RIP surface, which corresponds to the above simulation and experimental results. Therefore, some measures should be taken to reduce the normal electric field component, such as adding a shielding ring at the front part of the high-voltage conductor.
Energies The accumulated charge on the interface is derived from the conductive current of a constant electric field. The electrical displacement vector and current density on both sides of the interface satisfy:
Then, we can get the surface charge of the core in a steady state, as shown in Equation (14) . According to the above simulation results, the gas conductivity along the core surface is about 10 −17 order of magnitude, while the conductivity of RIP material is about 10 −12 order of magnitude, much smaller than the gas conductivity. In this case, σ = −εGEGn can be obtained, and the surface charge is mainly determined by the normal electric field component of the gas side. Since the normal electric field component of the gas side is negative (from gas side to core side), positive charge is deposited on the RIP surface, which corresponds to the above simulation and experimental results. Therefore, some measures should be taken to reduce the normal electric field component, such as adding a shielding ring at the front part of the high-voltage conductor. 
Conclusions
In this paper, simulation and experimental studies on the surface charge accumulation of a model RIP wall bushing core under different amplitudes of positive DC voltage were carried out. The following conclusions can be addressed:
(1) The distributions of positive and negative ions are completely opposite, which are almost independent of the amplitudes of applied voltage. The gas conductivity tends to be an arched distribution from the high-voltage conductor to the end shielding screen, i.e., the gas conductivity is high in the middle, about 7.2 × 10 −17 S/m, and low at the two ends about, 4.2 × 10 −17 S/m along the core surface. (2) The time constant of charge dissipation of the RIP wall bushing core is about 15 min. For this reason, the method of measuring the entire circumference of the RIP wall bushing core surface after voltage application is not suitable. It would be better to measure the surface charge on one axial direction of the RIP wall bushing core after each voltage application. (3) Under positive DC voltage, the surface of the RIP wall bushing core is positively charged, which is mainly determined by the normal electric field component of the gas side. The peak of surface charge and normal electric field is located at the turning point of the radius, which may become the weak point of insulation. Thus, some shielding methods should be taken to improve the electric field distribution near the turning point of the radius for the RIP wall bushing core.
